The rheology of native silk protein feedstock specimens was characterised by shear and oscillatory measurements, over the temperature range from 2 to 55°C, producing no evidence of thermally-driven phase change behaviour. All specimens exhibited flow characteristics typical of a concentrated polymer solution, with visco-elastic behaviour dominated by two main relaxation modes exhibiting time constants around 0.44 and 0.055 s at 25°C. The specimens showed well-behaved temperature dependence following the Arrhenius equation, consistent with the kinetics being governed by an activation energy of flow, which ranged from 30.9 to 55.4 kJ mol À1 based on oscillatory data.
Introduction
The ability to spin silk fibres is a remarkable feature of many types of arthropods [1] , exhibited by numerous species of insects [2] [3] [4] , notably Lepidoptera larvae (i.e. caterpillars) [4] [5] [6] [7] [8] , and is a defining characteristic of spiders [9, 10] . In spite of the diversity of animals with this ability, however, in all cases, the fibres are produced in a similar way, from protein feedstock that is synthesised and stored in special glands inside the body, then spun, solidifying 'on demand' [11] [12] [13] [14] .
As would be expected for a biological process, natural silk spinning uses an aqueous medium at body temperatures (i.e. essentially ambient temperatures for ectothermic animals). This is in stark contrast to industrial fibre spinning, which typically involves esoteric or harmful process chemicals (for wet-or dry spinning) or high temperatures (for melt spinning) [15, 16] , in order to engineer sufficiently large changes in physical conditions or chemical composition to drive solidification and stabilise the nascent fibres.
Clearly, the conversion mechanism from liquid feedstock to solid fibre under such mild conditions must play a key role in natural silk spinning. This appears to occur by a flow-induced phase change, as the silk feedstock passes through the spinning duct or is drawn into a fibre, on leaving the body [10] [11] [12] [13] [14] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Notwithstanding numerous investigations, however, some of the structural mechanisms for this proposed phase change can appear contradictory or counter-intuitive, thus leaving the precise details somewhat conjectural. In particular, several authors have based their explanations on the proteins (i.e. fibroin or spidroin) adopting folded structures in the silk feedstock, which are unfolded by flow stress, promoting coagulation through hydrophobic interactions [23] or ionic crosslinks [25, 26] , followed by hydrogen bonding and culminating in b-sheet formation. Yet the idea of silk proteins having folded tertiary structures akin to those seen in other in vivo globular proteins appears to be contradicted by experimental evidence from Raman spectroscopy [24] , circular dichroism (CD) studies [28] [29] [30] [31] [32] , small-angle neutron scattering (SANS) [32] and nuclear magnetic resonance (NMR) spectroscopy [33] [34] [35] [36] . Hence, as we have argued previously [37] , the fibroin in native silk feedstock appears more similar to the recently defined class of intrinsically disordered proteins (IDP) [38, 39] , rather than a precisely-folded globular protein. This forms the basis for our investigations into the rheology and phase change behaviour of native silk feedstocks.
It is generally accepted that the rheology of the native silk feedstock is an important factor in the spinning process, which has led to numerous publications [37, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Recent detailed investigations from our group into the rheology of native silk feedstocks from the domesticated mulberry silk moth (Bombyx mori) larvae at 25°C [37, 40] confirmed it is a viscoelastic material with properties typical of a polymer solution. These studies also highlighted considerable natural variability of rheological properties, however, notwithstanding the consistent methods used to obtain the specimens [40] . Even more remarkably, in spite of this rheological variability, it was found that normalising with respect to the cross-over modulus (G X ) and angular frequency (x X ) consistently reduced the oscillatory data onto master-curves of log(G 0 /G X ) and log(G 00 /G X ) against log(x/x X ) [37] . For the first time this demonstrated a 'rheological simplicity' between the data and excluded potential explanations such as incipient gelation, which would have changed the shape of the master-curves.
To date, the majority of native silk rheology studies have yet to investigate the effect of temperature on the feedstock; those that have tended to focus on irreversible gelation effects brought about by raising temperature [43, 47, 50] . On the contrary, we believe focussing on changes in silk flow behaviour below the gelation temperature provides new perspectives onto the silk spinning process and is the subject of our present work.
Natural silk spinning can be observed over a relatively wide temperature range and, since all known producers are ectothermic, it follows that the environmental and feedstock temperatures during spinning are largely identical. For example, caterpillars of the arctic moth Gynaephora groenlandica spin silk cocoons and hibernacula at typical daytime (maximum) temperatures of 5-10°C [52] , while tropical species of silkworms [53] or spiders [54] [55] [56] may experience ambient temperatures above 35-40°C. Clearly, compositional differences between the silk feedstocks of these species may facilitate spinning under these different conditions. Nevertheless, fibre spinning over significant temperature ranges has also been reported for single species in captivity (e.g. 5-30°C for Achaearanea tepidariorum [57] ; 5-42°C for Araneus diadematus spiders [58, 59] ; 22-38°C for the silkworm B. mori [60] ).
From a polymer science standpoint, changes in the flow behaviour of 'well-behaved' polymer systems at different temperatures generally follow the time-temperature superposition (TTS) principle [61] [62] [63] [64] . Using the TTS principle, phase changes or other factors affecting the flow behaviour may be revealed in the temperature dependence (required to superimpose results onto a single master curve). Hence, for example, Liao and co-workers analysed the effects of monomer ratio in poly(hydroxybutyrate-co-hydroxyhexanoate) copolymers [65] ; Osterwinter et al. observed the effects of hydrogen bonding in partially and permethylated polyglycerols [66] and Rwei and Lyu were able to locate the onset of liquid crystalline behaviour in a cellulosic system [67] .
Thus, our present work seeks to examine in detail how the rheology of the liquid feedstock of B. mori changes with temperature. As silk flow behaviour is apparently governed by classical polymer rheology relationships [37, 40] , one might also expect to find that it exhibits TTS. Firstly, this will contribute to understanding how the ambient conditions may affect silk spinning. Secondly, studying changes in flow behaviour with temperature may help to explain the rheological variability observed for native silk feedstocks and the thermodynamic mechanisms behind its flow-induced phase change.
Experimental
Native silk feedstock specimens were obtained from 5th instar B. mori larvae (commercially bred four-way poly-hybrid cross of 2 Japanese and 2 Chinese strains) during early stages of cocoon construction and characterised using methods similar to those described previously [37, 40] . In summary, silk glands were excised and the epithelial membrane was peeled off under cold (ca. 5°C) distilled water, using fine tweezers and a dissection microscope. A portion (ca. 0.01-0.02 g) of the (predominantly) fibroin solution from the middle posterior section of the gland was carefully and promptly (within 30 s) transferred to a rheometer (Bohlin Gemini, Malvern Instruments Ltd. Malvern, UK), fitted with a Peltier heating and cooling stage and a CP1/10 geometry (10 mm diam. cone with 1°opening angle and 30 lm truncation). Excess water was removed from the surface of the specimen, by absorbing it into a small piece of tissue paper, before lowering the cone. The closing speed was reduced to the slowest (ca. 0.1 mm s À1 ), to minimise the associated (shear and extensional) flow. The sample size was sufficient to completely fill the gap between the cone and plate; the loading was carefully observed by eye and any inadvertently under filled or unevenly filled samples were rejected. The small amount of excess material around the cone was not removed, to avoid any risk of flow-induced gelation. The entire sample area was flooded with distilled water, then enclosed within a loosely fitting cover to prevent drying and skin formation.
At the same time, a larger portion (0.1-0.2 g) of the native silk feedstock from the adjacent part of the gland was also removed and used to determine the concentration of solid residue (mainly fibroin [40] ). In order to minimise possible weighing errors due to water evaporation, this specimen was weighed at the same time as the rheology specimen was loaded. (Hence, with practice, the weighing was generally performed within 1 min. after removing the gland epithelium.) After drying to constant weight under vacuum at 60°C, a protein concentration in the range 19-30% w/w was obtained, in good agreement with previous results [40] .
The rheometer was controlled using the Bohlin software, which also performed the initial data processing. Rheological behaviour of each specimen was determined using sequences of shear and oscillatory measurements, which were run as 'job-streams' within the Bohlin software. Each experiment began at 25°C, with a period of constant shear rate (100 s at _ c ¼ 1 s À1 ), in order to supersede any residual stress due to loading and to distribute the specimen evenly between the cone and plate. The apparent viscosity at this shear rate (g 1 ) was evaluated by averaging the data over the final 30 s. The relaxation behaviour was also characterised at 25°C, from a series of oscillatory measurements (25-0.1 Hz, equivalent to angular frequencies of x = 157-0.63 rad s
À1
). Then, in the majority of experiments, changes in relaxation behaviour with temperature (T) were characterised by further oscillatory measurements between 2 and 55°C. In order to check for irreversible changes during the course of the experiments, the final oscillatory measurements were performed after returning to 25°C.
As a control, experiments were also performed to check the stability of the native silk feedstock. In these cases, repeated oscillatory measurements were performed on specimens held at constant temperature for extended periods (11 sweeps over approximately one hour, at 25°C or 55°C).
As reported previously [37, 40] , both the elastic and viscous moduli could be fitted well using binary expressions based on the Maxwell model [62] [63] [64] [68] [69] [70] [71] :
Prior to investigating the changes in rheology at different temperatures, it was necessary to check the stability of the native silk feedstock over timescales commensurate with these experiments. This is demonstrated by the results shown in Fig. 1 .
Control experiments were performed at constant temperature for extended periods (11 frequency sweeps over approximately 55 to 62 min, at 25°C or 55°C). Since it is known that native silk feedstock specimens can show considerably variable properties [37, 40] , results are compared from specimens with reasonably similar viscosities (1468 and 2217 Pa s at _ c ¼ 1 s
). Values of log(G 0 ) and log(G 00 ) from the initial and final sweeps are plotted against log(x) in Fig. 1a and b, (at 25 and 55°C respectively). At both temperatures, these data showed classic viscoelastic behaviour: the elastic modulus dominated at higher frequency, with a cross-over to viscous behaviour at lower frequency. This is typical of a polymer solution, where the rheology is dominated by the behaviour of the high molecular weight solute [62] [63] [64] [68] [69] [70] [71] . By direct comparison of these data, it was found that the plots of log(G 0 ) and log(G 00 ) became steeper towards low frequencies and the cross-over frequency (x X ) increased (from 5.9 to 23.9 rad s
) at the higher temperature, consistent with the specimens becoming more fluid.
In each case, small decreases in the dynamic moduli at fixed frequencies were observed over the course of the experiments. This was probably due to the gradual dilution or partial dissolution of the specimens by the water used to prevent drying out and skin formation (which were considered to pose a greater problem), as we shall explore briefly, below.
The binary model described by Eq. (1) appeared to fit the oscillatory data quite well, as demonstrated in Fig. 1a and b. This was consistent with recent findings [37, 40] , which suggested that the rheology of the native silk feedstocks was dominated by two main relaxation modes with characteristic time constants (s i ) around 0.44 and 0.055 s. In keeping with the designations used previously, these are referred to as modes 3 and 4, respectively. It may be noted that small contributions from two slower processes (with time constants around 66 and 3.5 s, designated modes 1 and 2) have been observed by stress relaxation measurements [40] ; their role in silk rheology is discussed further in a separate paper [72] .
Hence, by fitting the model to the data, it was possible to evaluate the viscoelastic parameters (g i and s i ) describing these dominant relaxation modes 3 and 4; the results are shown in Fig. 1c-f . Over the course of the control experiment held at 25°C, the modulus contributions for both modes 3 and 4 (in Fig. 1c ) appeared to decrease slightly, although these changes were barely significant in view of the uncertainty expected. Somewhat larger changes were observed for the control experiment held at 55°C (in Fig. 1d) , with decreases of around 20% for g 4 and closer to 50% for g 3 . These changes in g i would be consistent with the samples being slowly diluted or material being dissolved during the course of the experiments, as noted above. Rather interestingly, the relaxation time constants at 25 and 55°C (in Fig. 1e and f) exhibited considerably less change compared with the modulus contributions. In particular, s 4 remained effectively constant during the periods at either temperature, while s 3 appeared to decrease slightly (by ca. 8%) at 25°C but to increase by a similar amount at 55°C. It is expected that the relaxation time constants would be dominated by the molecular scale environment, through the distances between neighbouring chain segments (i.e. concentration affecting the reptation tube diameter) and intermolecular forces [62] [63] [64] [68] [69] [70] [71] . By contrast, the modulus contributions could also be affected by changes in the quantity of material. Hence, the differences in behaviour between the relaxation time constants and modulus contributions suggest that dissolution of excess material from around the cone, rather than dilution of the specimen under the cone, was probably the main factor effecting the changes observed in these experiments at constant temperature. The rates of change observed over the extended timescales of these experiments were considered to be acceptably small, in view of the shorter times required to perform the oscillatory measurements at different temperatures. Hence, this established a framework against which the larger changes due to temperature could be judged.
Most importantly, these results showed no evidence of thermal gelation over the timescales of the experiments at 55°C -even though this was 17°C above the critical (i.e. onset) temperature reported by Moriya et al. [47] for native silk feedstocks from B. mori. It appears, therefore, that the thermal gelation process may not be quite as consistent as suggested by that work. Sample-to-sample variability in the critical temperature and subsequent rate of phase change may offer an explanation. Alternatively, we note that those authors used a solvent trap and regulator to prevent the specimens drying out, whereas we have found such systems to be unreliable for experiments performed over longer timescales or higher temperatures.
Changes in rheology with temperature
Some evidence of temperature dependence in the rheology of native silk feedstocks from B. mori is shown by the results shown in Fig. 1 . More comprehensive data from experiments on representative specimens are presented in Fig. 2 .
Changing temperature produced significant responses in the elastic and viscous moduli, as shown in Fig. 2a . These were most pronounced for the elastic modulus towards lower frequencies, causing the cross-over frequency to rise, corresponding to increased fluid-like behaviour. It should be noted that these changes due to temperature appeared qualitatively different from those observed over time at constant temperature in the control experiments ( Fig. 1a and b) , which resulted in roughly parallel downward shifts of both the G 0 and G 00 curves.
The increase in fluidity at higher temperatures is also demonstrated in Fig. 2b . A smooth decrease was observed for the modulus of complex viscosity (|g*|, extracted directly from the oscillatory data at the lowest frequency, x = 0.63 rad s À1 ) or the zero-shear viscosity, which was estimated using:
It was shown previously [40] that using this equation with values of s i and g i obtained by fitting the binary Maxwell model (Eq. (1)) to oscillatory data produced good agreement with the values of g 1 measured directly. Moreover, in the present work, close agreement was observed between the values of |g*| at 0.67 rad s À1 and calculated values of g 0 , suggesting that these parameters may effectively be used interchangeably. These viscosities decreased smoothly with increasing temperature and appeared to follow an approximately exponential curve, with the values at 10°C around 3.5 times higher than those at 40°C. The cross-over frequency increased smoothly with temperature, also following an approximately exponential relationship, the value at 40°C being about 4.7 times higher than at 10°C.
Changes in the values of s i and g i with temperature are shown in Fig. 2c and d . In order to increase the number of points without having to run excessively long experiments, data was aggregated from four specimens with similar shear viscosity (g 1 = 1757-2242 Pa s at 25°C).
A logarithmic vertical axis is used to accommodate the wide range of relaxation time constants (in Fig. 2c ), which spanned almost two orders of magnitude from (the slower) mode 3 at 2°C to (the faster) mode 4 at 55°C. The s i values for both modes decreased smoothly with increasing temperature, consistent with the expectation of faster relaxation rates as the specimens became more fluid. Larger changes were observed for mode 3 than mode 4, however; the former decreased by around 60% (from 0.559 to 0.229 s) between 10 and 40°C, while the latter decreased by around 30% (from 0.0303 to 0.0212 s) over the same temperature range. The corresponding plots of g i (in Fig. 2d ) for mode 3 and 4 followed opposite trends, with the former decreasing, while the latter became more dominant at higher temperature. Based on the concept of 'entropic springs' [62] [63] [64] [68] [69] [70] [71] , it would be expected that the modulus should increase with temperature. The analysis performed here generated values of modulus contributions, however, which also depended on the number of conceptual spring elements involved. Hence, these results might suggest some form of temperature-dependent interconversion between the mode 3 and mode 4 processes.
It should also be noted that these changes due to temperature appeared to be reversible; hence, similar results were obtained from the initial and final measurements at 25°C. This was demonstrated most clearly by the viscosities and cross-over frequencies (in Fig. 2b ), but was also evident in the extracted values of s i and g i (in Fig. 2c and d) . Again, this argues against thermally-induced phase change occurring within the experimental timescale and temperature range explored.
A clearer picture of the effects of temperature on flow behaviour is presented in Fig. 3 . Again, aggregated results from four experiments on similar specimens are shown, corresponding to the data in Fig. 2 . It appeared that the changes in viscosity, cross-over frequency and relaxation times all followed Arrhenius-type relationships, as described by:
where k = À1 for a rate (e.g. relaxation frequency) or +1 for an inverse rate (such as viscosity or relaxation time constants), the pre-exponential factor X 0 is a constant describing the property under reference conditions and R is the gas constant. Hence, for each of these parameters, plotting log(X) vs. 1/T gave a straight line with slope proportional to E a . E a is usually interpreted as the activation energy for the rheological process, representing the magnitude of (energy) barriers impeding segmental rotations and changes in chain configuration. In reality, though, it reflects a more general temperature dependence, which may be expected to incorporate additional factors, such as thermally driven changes in solvent quality. Consequently, it may be more appropriate to use the expression 'apparent activation energy'.
Notwithstanding these reservations, the slopes of the graphs in Fig. 3 yielded the following values for the apparent activation energy:
kJ mol
À1 from the calculated zero-shear viscosity or modulus of complex viscosity;
42.2 kJ mol À1 from the cross-over frequency;
23.6 kJ mol À1 from mode 3 relaxation time;
9.9 kJ mol À1 from mode 4 relaxation time. Different values of E a may be expected from different molecular processes. Moreover, even though simple relationships may exist between some parameters, more complex relationships between the corresponding values of E a may ensue. This can be demonstrated by considering the zero-shear viscosity and relaxation times, which are related through Eq. (2). Hence, using the chain rule for differentiation: 
The results presented in Fig. 2 show that all four parameters (s 3 , s 4 , g 3 and g 4 ) varied with T (and, hence 1/T). Consequently, the full derivative is:
which clearly demonstrates that no simple relationship should be expected between the activation energies obtained from these different parameters.
On the other hand, a strong inverse correlation between viscosity and cross-over frequency has been reported previously [37] . It was found that x X decreased as g 1 increased, closely following an inverse power-law relationship described by:
lnðx X Þ ¼ lnð1427Þ À 0:767 lnðg 1 
Þ ð5bÞ
This relationship reflected the fact that the relaxation times became longer for the more viscous specimens, although an explanation for the precise fractional value of the power-law exponent cannot be given at present. Moreover, as x X was obtained from oscillatory measurements while g 1 was measured in constant shear, the strength of this correlation imparts confidence in both sets of measurements.
Consequently, a simple relationship also emerged between the values of E a obtained from x X and |g⁄|, as demonstrated in Fig. 4 . The Arrhenius expressions for these parameters are:
where the subscripts indicate the parameter being measured. Substitution into Eq. (5b) gives:
After collecting the various constants together as C, this equation can be simplified to give: This appeared to fit the relationship between these results quite well, as demonstrated in Fig. 4 . Over the range investigated, E x was consistently larger but increased more slowly than E g . Moreover, these values of E a were derived from different parameters and may seem to be independent whereas, in fact, they were correlated.
This raises the question as to which parameters should be used to extract the most meaningful values of activation energies. One might expect that the relaxation times for the two dominant modes (s 3 , s 4 ) would be likely candidates; however, as already noted, the behaviour shown by the modulus contributions (g 3 and g 4 ) in Fig. 2d may be consistent with interconversions between these oscillatory processes. Hence, the variations in relaxation times with temperature may reflect qualitative changes in the underlying molecular processes, in addition to quantitative changes in their rates. Instead, for the present, attention is directed towards the viscosity and cross-over frequency, which have the advantage of being easily recognised, macroscopic phenomena. As already demonstrated, however, they are not independent. Moreover, the importance of x X in analysing oscillatory the data has already been demonstrated: normalisation with respect to the cross-over frequency and modulus reduced the oscillatory data from specimens with widely differing shear viscosities onto a master-curve [37] . Conversely, however, viscosity and the cross-over frequency may be somewhat removed from the underlying molecular-scale mechanisms and may depend on combinations of these processes. The temperature dependences shown by the modulus of complex viscosity (|g * | at x = 0.63 rad s
À1
) and cross-over frequency are demonstrated in the form of Arrhenius plots, in Fig. 5a and b, for selected specimens with a wide range of shear viscosities (g 1 = 417-1999 Pa s at 25°C). In each case, irrespective of g 1 , the data followed a straight line, consistent with the rate being controlled by an activation energy. The inverse relationship between x X and g 1 at 25°C that was demonstrated in Fig. 2b) . The E g values are plotted against the shear viscosity at 25°C in Fig. 5c . Notwithstanding a certain amount of variability, these results appeared to follow a weak negative correlation, decreasing as the viscosity increased. The best (albeit limited, R 2 = 0.44) correlation was achieved with a logarithmic model, which was described by:
The range of E g values obtained suggested considerable compositional differences between the native silk protein specimens used, which may be linked to the proteins present or the solvent composition. Indeed, variations in protein concentration (from 19.4 to 29.2%, in line with previous measurements [40] ) were found amongst the full set of specimens used to compile Fig. 5c ; however, restricting the data to specimens within a narrower concentration range (from 21 to 23%) did not significantly reduce the range of E g values observed or improve the correlation.
Arguably, this might still leave room for uncertainty. In addition to possible changes in protein concentration during sample preparation and over the course of an experiment, systematic variations along the silk gland (from ca. 12% in the posterior section to 26% in the middle section) have been reported [50] . Hence, this could lead to discrepancies between the concentration determined gravimetrically and that in the adjacent portion used for rheology. This potential error seems negligible, however, since similar results were obtained irrespective of whether the rheology specimens were taken 'up-stream' or 'down-stream' of the adjacent gravimetric samples.
The corresponding set of apparent activation energy values derived from the cross-over frequency is shown in Fig. 5d . This graph showed a resemblance to Fig. 5c , but was displaced to higher values of apparent activation energy (30.9-55.4 kJ mol À1 ) -particularly towards the higher viscosities. As already noted, a relationship was derived between E x and E g , as described by Eq. (6d). Hence, substituting Eq. (7) into Eq. (6d) yields:
which should describe the relationship between E x and g 1 . This did not provide a particularly good description of the data, however, probably as a consequence of compounding the relatively poor correlations already present with Eqs. (6d) and (7).
Consequently, it was not possible to describe any systematic trend between E x and g.
Time-temperature superposition of oscillatory plots
It was found that oscillatory data collected at different temperatures could be made to converge onto a 'master-curve', following suitable scaling in the horizontal and vertical directions. This is demonstrated in Fig. 6 , for a typical native silk feedstock specimen (with g 1 = 1757 Pa s at 25°C). Individual measurements between 10 and 55°C are shown in Fig. 6a, while the results after TTS are shown in Fig. 6b .
The scaling parameters for the TTS describe how the flow behaviour changes with temperature, relative to that at a reference temperature (T 0 ) [62] [63] [64] [68] [69] [70] [71] . For the frequency (horizontal) axis:
A similar expression can also be used for the modulus (vertical) axis. For an amorphous polymer at temperatures close to its glass transition (T g ), the availability of free volume for segmental motion is believed to limit the dynamic behaviour. Under these conditions, it is expected that the temperature dependence of the TTS scaling parameters would be described by the Williams, Landel and Ferry (WLF) equation [73] :
The constants c 1 and c 2 are essentially empirical, but are related to the amount of free volume in the system and how it changes with temperature, which is usually characterised by a sudden increase in thermal expansion above T g [68, 69] .
The greater availability of free volume in polymer solutions or melts at temperatures much higher than T g (T > T g + 100°C) is expected to impose less of a limiting factor. Under these conditions, the flow behaviour often follows an Arrhenius model. In this case, the TTS parameter is described by:
This appeared to be the case for the silk feedstock specimens investigated here. Whether reflecting a true activation energy or temperature dependence due to other factors, it was found that the horizontal shift factor (a T ) could be obtained using Eq. (11), with the value of E x extracted from an Arrhenius plot of cross-over frequency. Fig. 3 or Fig. 5a and b) .
Generally, a small vertical shift factor (b T ) was also required for a successful superposition. This was evaluated empirically, after applying the horizontal shift and was typically equivalent to E V < 8 kJ mol
For the successful TTS shown in Fig. 6 , values of E x = 39 kJ mol À1 and E V = 4 kJ mol À1 were used. Similarly good transformations were also achieved for the other specimens (with g 1 ranging from 208 to 4686 Pa s at 25°C), consistent with their rheological behaviour being controlled by an activation energy. This suggests that the native silk protein specimens were all 'well-behaved' polymer solutions -notwithstanding the considerable variations in E x or viscosity that were observed between specimens. It should be emphasised that the master-curves obtained in the present work showed the typical characteristics expected for viscoelastic liquids, with G 0 > G 00 at higher frequencies and a cross-over to G 0 < G 00 at lower frequencies. These findings contrasted the earlier work by Ochi et al. [50] , however, which also attempted TTS with silk feedstock specimens measured over temperatures and frequency ranges similar to those used here. Although that work successfully compiled master-curves from the oscillatory data measured between 15 and 55°C, the results consistently showed G 0 > G 00 over the entire frequency range, which suggested that the samples used had already gelled.
One further point merits mention. It was shown previously [37] that oscillatory data measured at 25°C for B. mori silk feedstock specimens with considerably different shear viscosities (706-2242 Pa s) could be compiled onto a master-curve by normalising against the cross-over frequency and modulus. We have now demonstrated that data measured for an individual specimen over a range of temperatures can also be compiled onto a master-curve, by TTS. The question arises: can we combine both effects to generate master-curves for all dynamic modulus data from any specimen and temperature, provided it does not undergo a phase change? Log (b
G" Fig. 6 . Time-temperature superposition of oscillatory data for a native silk feedstock specimen with g 1 = 1757 Pa s at 25°C: (a) as measured at different temperatures between 10 and 55°C; (b) after shifting the angular frequency and modulus values to the reference temperature of 25°C. Note: the frequency shift corresponded to E x = 39 kJ mol
À1
, which agreed with the value extracted from an Arrhenius plot for these data. A vertical shift equivalent to E v = 4 kJ mol À1 was also applied to these data. (c) A combination of TTS and normalisation with respect to the cross-over modulus and frequency, using data measured between 5 and 50°C for six specimens with g 1 = 418-3304 Pa s at 25°C.
Based on experiments to date, this appeared to be the case, as all oscillatory results generally converged quite well. This is demonstrated in Fig. 6c , based on measurements at 5, 25 and 50°C from six specimens with g 1 = 418-3304 Pa s at 25°C.
Thus, it appeared that the dynamic modulus results for B. mori silk feedstocks conformed to a certain shape, although the factors defining the frequency and modulus ranges depended on temperature and could vary between specimens. It should also be noted that TTS and normalisation against the cross-over do mathematically similar operations. In both cases, the frequency and modulus data are being scaled: however, TTS reflects temperature-dependences inherent in the materials, based on well-established theory, while an explanation for the sample-to-sample variations still eludes us.
Discussion
Previous work [37, 40] showed that, provided they are handled appropriately (i.e. avoiding excessive mechanical stress during excision from the silkworm, peeling off the gland epithelium, loading onto the rheometer and the subsequent measurements), native silk protein feedstocks are well-behaved viscoelastic systems. In the present work, it may be noted that the highest shear stress measured was just below 4.7 kPa (corresponding to the specimen with g 1 = 4685.9 Pa s at 25°C), which was below the threshold for stress-induced gelation; hence, the subsequent oscillatory data still showed G 0 > G 00 at high frequency and a cross-over to G 00 > G 0 at lower frequencies, typical of a concentrated polymer solution. Moreover, the oscillatory rheology of individual specimens appears to be dominated by two Maxwell-type processes, with relaxation time constants around 0.44 and 0.055 s at 25°C.
This interpretation is based on the proteins having random coil configurations in the native silk feedstock, despite a considerable body of literature [23, 25, 26] in which folded structures are proposed. It is useful, therefore, to examine the evidence for and against these apparently contradictory opinions.
Precisely folded tertiary structures are generally expected to play an important part in the biochemical functions of proteins [74, 75] . This concept was articulated by Mirsky and Pauling in 1936 [76] , although it is related to the earlier 'lock-andkey' hypothesis of enzyme activity proposed by Fischer in 1894 [77] . This provides a very good description of enzyme action in many cases; however, it is clear that this model is not universally applicable to all proteins. In particular, recent work has revealed that many important biochemical functions are performed by intrinsically disordered proteins [38, 39] . Compared with 'conventional' globular proteins, IDP's adopt more expanded configurations and exhibit greater conformational dynamics; this may enhance their rates of substrate binding through a 'fly-fishing' mechanism and they may accommodate different binding partners in 'one-to-many' interactions, while more structured chain folding and enzymatic activity may arise in the presence of a substrate.
With respect to the structures of silk proteins, Iizuka [25, 26] stated that fibroin 'is obviously in a fairly folded form' in the native silk feedstock solution. Whilst a clear explanation for this statement was not given, it may have been based on the considerable evidence for higher order structures observed in the spun fibres and the leading perspective that all proteins must have folded structures. Nevertheless, in a subsequent paper [28] based on an optical rotatory dispersion study, Iizuka stated that 'the evidence strongly indicates a disordered conformation for silk fibroin in aqueous solution' with 'a lack of any a-helical structure'.
Jin and Kaplan [23] 'suggested the possibility of formation of micellar structures in water'. This was largely based on the arrangement of (so called) hydrophilic and hydrophobic blocks of amino acids identified by sequencing the B. mori fibroin gene [78] , together with reports by Ochi et al. [50] of fibroin forming polymolecular aggregates in solution. Yet, careful examination of the rheology data presented by Ochi et al. ( showing G 0 > G 00 across the entire frequency range, in sharp contrast to our own observations) suggested that their specimens had gelled, which may cast doubt on their claims of aggregate formation under normal conditions. Consequently, the experimental evidence for silk proteins forming folded or globular structures in native silk feedstock prior to spinning appears rather tenuous.
In contrast, as discussed previously in this paper and elsewhere [37, 72] , there is considerable evidence that the silk protein in native feedstock adopts a predominantly random coil conformation (i.e. without a specific, folded structure). This has been suggested by CD [28] [29] [30] [31] [32] and Raman spectroscopy [24] , although both methods require calibration against standards of known conformation. Examination of SANS data reported by Greving et al. [32] revealed a slope of around À2 in a double logarithmic plot of intensity against modulus of the scattering vector, which is consistent with a random coil polymer; moreover, the radius of gyration obtained (around 10 nm) was consistent with a random walk model of a protein containing the expected number of amino acids [78] . Finally, perhaps the most compelling findings are from NMR studies by Asakura and co-workers [33] [34] [35] [36] ; in addition to chemical shifts consistent with random coil structures in diluted and native silk feedstocks -including material within intact silkworms [35] , relaxation times and nuclear Overhauser effects suggested that the fibroin chains exhibited uniform motion typical of polymers in solution.
The work reported here extended our previous studies [37, 40] , by investigating the flow behaviour over a considerable temperature range. When examined individually, specimens of native silk protein feedstocks exhibited consistent rheological behaviour. Between 2 and 55°C, the temperature-dependent viscosity or relaxation rates appeared to follow the Arrhenius equation, consistent with the underlying molecular dynamics being controlled by an activation energy. This also argued against any phase changes taking place within the native silk protein specimens under the experimental conditions used, as these would have produced discontinuities or irreversible changes in the flow behaviour, which were not observed.
Previous workers have reported cryoscopically-induced phase changes in B. mori silk feedstock specimens on freezing (below 0°C) [79] and thermally-induced gelation around 68°C [80] . These temperatures are outside the range used in the present work, which is consistent with phase changes not being observed here. Moreover, although the rheological changes associated with gelation are not explored in the present work, results from our recent investigations into this will be reported separately [72] .
Nevertheless, considerable rheological differences were revealed by comparing across the set of specimens analysed. For example: low shear viscosities at 25°C ranged from 208 to 4686 Pa s, corresponding to cross-over frequencies from 17.7 to 2.1 rad s
À1
. These observations were consistent with previous findings [37, 40] and suggested that the native silk feedstocks were highly variable, in spite of using specimens obtained in a consistent way from the same (middle posterior) division of the silk gland of silkworms at (nominally) the same stage of their lifecycle (5th instar, beginning cocoon construction).
Moreover, the variability between specimens also extended to the temperature dependences of the rheological processes. Apparent activation energies based on viscosity measurements ranged from 17.2 to 49.5 kJ mol
, showing a weak (R 2 = 0.44) inverse correlation with the viscosity. Hence, the specimens with higher viscosities exhibited the lowest apparent activation energies of flow, as demonstrated in Fig. 5c . This argues against dismissing the observed variability as experimental uncertainty, but suggests the possibility of a mechanistic link between these parameters. Slightly higher values (from 30.9 to 55.4 kJ mol
) were obtained from the corresponding cross-over frequency data, but without any clear relationship to the viscosities of the specimens.
To put these findings in context and enable discussion surrounding potential mechanistic explanations for our observations, differences in activation energy of flow have been reported between synthetic polymer systems. Liao et al. reported a steady decrease in E a (from 37 to 29 kJ mol À1 ) for molten poly(hydroxybutyrate-co-hydroxyhexanoate) copolymers with up to 10% molar hexanoate content [65] . This demonstrated the effect of polymer composition, in terms of a decrease in dipolar interactions between monomers as the hexanoate content was increased. Similarly, Osterwinter et al. [66] reported E a values of 71 and 108 kJ mol À1 respectively, for fully methylated and demethylated poly(glycerol) melts, demonstrating the effect of inter-chain hydrogen bonding. These values of E a also appeared to be independent of molecular weight, suggesting that the strength of interactions between monomers was considerably more important than chain length over the range studied (from ca. 1 to 100 kDa). Sescousse et al. [81] ) as the concentration of hydroxypropyl cellulose in aqueous phosphoric acid was increased (from 15 to 38%) and the solution changed from isotropic to liquid crystalline. These authors also demonstrated a dependence on the solvent composition, through increases in activation energy (from 20 to 50 kJ mol
) with H 3 PO 4 content of the binary solvent for isotropic solutions. In each of these examples, it appeared that the activation energy for flow was dominated by the strength of interactions between monomers. This can be interpreted in terms of a segmental friction coefficient, representing the ease with which chain segments can slide past each other during reptation [71] . Hence, the variability in E a observed between specimens of native silk protein feedstock may indicate significant compositional variations, which could involve the proteins present or the constituents of the solvent.
Several potential explanations for the variability in viscosity were suggested previously [37, 40] , but appear less plausible in the light of the results presented here. Hence, protein concentration would be expected to exert an effect; however, only a weak positive correlation (R 2 = 0.21) was found [40] , which could not explain the range of viscosities observed. Moreover, for regular (i.e. not liquid crystalline) solutions, the activation energy would be expected to increase with viscosity (rather than decrease, as observed). The onset of liquid crystallinity also appears unlikely, as this should produce a negative correlation between viscosity and concentration (which was not seen). Secondly, some variation in the molecular weight of the main (fibroin heavy chain) protein has been reported, with a range of around 15% (from ca. 350 to 410 kDa) between the longest and shortest chains [83] , probably resulting from differential splicing or recombination errors, due to the highly repetitive nature of the amino-acid sequence [84] . Nevertheless, this variation in protein length also appeared insufficient to explain the range of viscosities observed, where a change in molecular weight in this reported range would not be expected to affect the activation energies. Therefore, in addition to the variability shown by rheological characteristics, it is necessary to seek explanations for the inverse relationship between the low shear rate viscosity and E g . It is not clear why the viscosity should show a weak inverse relationship to a true activation energy of flow; however, it might be easier to explain a relationship with other factors affecting the temperature dependence of flow. Hence, for the native silk feedstock specimens, several hypotheses may be predicated on variations in the strength of interactions between protein chains. Weaker interactions may undergo thermal dissociation, leading to lower viscosities and a greater temperature dependence. At the other extreme, stronger interactions that are less prone to thermal dissociation could produce higher viscosities but smaller temperature dependence.
Differences in the strengths of inter-chain interactions could arise in various ways. There might be changes in the proportions of different proteins present within the native silk feedstock specimens. Dong et al. [6] demonstrated that silk from B. mori is a complex mixture of at least 500 proteins that varies between developmental stages, although it is not known whether similar changes may happen over shorter timescales during our sample collection (typically hours to a few days), consistent with cocoon construction. The strengths of inter-chain interactions might also be affected by pH or ionic content of the native silk protein feedstock. Indeed, Terry et al. [44] demonstrated a reversible increase in G 0 when specimens from B.
mori were acidified using acetic acid vapour, while Chen et al. [29, 45] and Dicko et al. [30] have discussed the potential role of pH and K ions during spider silk spinning. It is also known that proteins can undergo various types of 'post-translational modifications' [85] . In particular, numerous serine phosphorylations have been observed in both spider [86] and B. mori silks [87] , which may be expected to affect the interactions with the solvent and between protein chains. Aspects of these various hypotheses are presently under investigation and will be reported at a later date. Finally, one may speculate as to what -if any -advantage controlling the temperature dependence of the silk feedstock viscosity might confer on the silkworm. Using Eq. (11) with the values obtained for E g (17.2-49.5 kJ mol À1 ) suggested variations in viscosity ranging from 18 to 61%, over the typical range of ambient temperatures experienced by B. mori (20-28°C [57, 88] ), with greater consistency at higher viscosity. Arguably, flow characteristics that change with temperature are unavoidable features of a polymer solution. Hence, the silkworm may find it easier to extrude the feedstock when the ambient temperature is higher and the viscosity is lower. Conversely, however, higher viscosity may convey a greater sensitivity towards flow-induced gelation, facilitating fibre formation. It may be interesting to speculate whether these rheological factors are important for the spinning behaviour of the animal and its response to environmental changes, in order to produce silk that is fit for its purpose [89] .
Conclusions
We report that the rheological temperature dependence of native feedstocks from B. mori appear to be well-behaved and follow the Arrhenius equation. This was consistent with flow behaviour governed by an (apparent) activation energy and culminated in the ability to transform oscillatory data onto a master-curve, in accordance with the time-temperature superposition principle. Thermally-induced phase changes, which would have produced deviations or irreversible changes in thermal responses, were not observed in the temperature range used (2-55°C). This contradicted a previous report [47] of native silk protein feedstocks from B. mori undergoing irreversible gelation from 35°C.
At the same time, however, considerable variability was observed between specimens in their temperature dependence, consistent with differences in the (apparent) activation energy of flow between specimens. This implied an underlying physical mechanism linking the parameters, with the influence of pH, ions and post translational modification of the silk proteins being suggested as future areas to explore. It is also not known whether this relationship represents an evolutionary constraint to the silkworm, through some aspect of fibre spinning, or if it was a purely coincidental feature of the native silk protein feedstocks. Yet its presence clearly effects the flow properties of these materials and, thus, warrants further investigation if we are to truly understand how silk is spun.
